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ABSTRACT 
This research proposes a microstrip patch array rectenna for Radio Frequency (RF) 
energy harvesting at 2.45 GHz. Energy harvesting is a process where energy is 
derived from external sources which is captured and converted into power supply. 
External source being used in this research is RF energy. Rectenna is a combination 
of rectifier circuit and antenna. There are three stages in designing a rectenna system. 
The first stage is receiving antenna which is designed to have high gain and able to 
capture the 2.45 GHz signal. In order to yield high gain and suppress the harmonic 
frequency, microstrip patch array antenna is integrated with electromagnetic bandgap 
(EBG) and filter. The microstrip patch array antenna is etched on FR-4 substrate with 
thickness of 1.6 mm and the dielectric constant of 4.4. The antenna is designed and 
simulated using the Computer Simulation Technology (CST) Microwave Studio 
software. The effectiveness of the EBG and filter structure for harmonic suppression 
and gain improvement has been tested. The simulation and measurement results 
verified that the combination of the array antenna with EBG and filter is efficient in 
eliminating unwanted frequencies and increase the gain from 3.665 dB to 9.112 dB. 
In the second stage, seven stages Villard voltage multiplier circuit has been used as a 
rectifier circuit which converts the RF signal into direct current (DC) power supply. 
The rectifier is designed and simulated using Advanced Design System (ADS) 
software. Rectifier circuit prototype is measured and the result indicated that it can 
convert signal into 0.5V DC power supply. The third stage is the integration of the 
receiving array antenna and rectifier circuit which successfully produced 0.3V power 
supply. The tested result in anechoic chamber verified that the rectenna design is able 
to capture and convert the 2.45 GHZ signal into DC power supply. 
PTTA
PER
PUS
TAK
AAN
 TU
NKU
 TU
N A
MIN
AH
 vi 
ABSTRAK 
Kajian ini mencadangkan kaedah penuaian tenaga frekuensi radio (RF) dengan 
menggunakan rectenna susunan tampal mikrojalur yang beroperasi pada frekuensi       
2.45 GHz. Penuaian tenaga adalah proses tenaga daripada sumber luaran yang 
diserap dan diubah menjadi bekalan kuasa. RF adalah sumber tenaga luaran yang 
digunakan dalam kajian ini. Rectenna adalah gabungan litar penerus dan antena 
penerima. Terdapat tiga peringkat yang terlibat dalam merekabentuk sistem rectenna. 
Peringkat pertama adalah antena penerima. Antena penerima direkabentuk untuk 
memiliki nilai gandaan yang tinggi, keupayaan menyingkirkan harmonik dan 
berupaya untuk menyerap gelombang 2.45 GHz. Antena susunan tampal mikrojalur 
disepadukan dengan jurang jalur elektromagnet (EBG) dan penapis untuk 
meningkatkan prestasi gandaan dan menyingkirkan frekuensi harmonik. Antena 
dicetak pada subtrat FR-4 dengan ketebalan 1.6 mm dan pemalar dieletrik 4.4. 
Semua rekaan dan simulasi dijalankan dengan menggunakan perisian Computer 
Simulation Technology (CST). Keberkesanan struktur EBG dan penapis untuk 
penyingkiran harmonik dan penambahbaikan telah diuji. Hasil simulasi dan 
pengujian mengesahkan bahawa gabungan antena susunan dengan EBG dan penapis 
adalah berkesan dalam menyingkirkan frekuensi yang tidak diingini dan 
meningkatkan gandaan iaitu dari 3.665 dB kepada 9.112 dB. Dalam peringkat kedua, 
litar pengganda voltan Villard tujuh peringkat direkabentuk dan digunakan sebagai 
litar penerus dimana ia dapat menukarkan gelombang RF kepada bekalan kuasa arus 
terus (AT). Reka bentuk dan simulasi litar, dilakukan dengan menggunakan perisian 
Advanced Design System (ADS). Setelah diuji, prototaip litar penerus didapati 
mampu menukarkan gelombang RF kepada 0.5V bekalan kuasa AT. Peringkat ketiga 
dan terakhir adalah gabungan antena susunan tampal mikrojalur dan litar penerus. 
Gabungan antara keduanya berjaya menghasilkan bekalan kuasa 0.3V. Ujian yang  
dijalankan di ruang anechoic telah mengesahkan bahawa reka bentuk rectenna dapat 
menangkap dan menukar isyarat 2.45 GHz kepada bekalan kuasa. 
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CHAPTER 1 
 
 
INTRODUCTION 
 
 
 
Energy harvesting is a process where energy derived from external sources is 
captured and converted into power supply. For many eras, people have discovered 
ways to store the energy from wind and sun. The first wind turbine to generate 
electricity was developed by Professor James Blyth of Anderson’s College [1] in 
Glasgow. The configuration consisted of cloth sails resembling windmill blades. The 
generated energy was stored in accumulators and used to power the lights of his 
vacation cottage in Marykirk [2]. Their success has inspired great thinkers to scale 
down energy harvesting to the micro level. As a result, the girth of energy harvesting 
has expanded beyond just wind and sun to include movement, heat, mechanical 
vibration, RF, and others. Figure 1.1 shows the harvested power that can be obtained 
from different sources and the selected devices with value to power up the devices.   
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Figure 1.1: A chart from Texas Instrument (TI) showing the available power 
from different energy harvesting chips and what is needed to power the selected 
devices [3] 
Among all the available sources for energy harvesting, RF energy has 
recently captured significant interest because of the increased availability of free RF 
energy. This is because RF energy is a renewable energy where it can be collected 
from public services. There are large number of RF energy sources such as, 
broadcasting radio and TV stations, mobile telephony base stations and wireless 
networks in cities and very populated areas. For example, ambient RF energy is 
collected and converted into alternating current (AC) by antenna and then rectified 
to direct current (DC) for charging system batteries. The rectenna which is 
integration of rectifier circuit and antenna is one of the most important components 
for above-mentioned systems. A basic RF energy harvesting system is shown in 
Figure 1.2. The typical rectenna [4-5] system basically consists of receiving antenna 
for receiving RF power, a low-pass filter (LPF) or band-pass filter (BPF) as an input 
filter for selecting or suppressing unwanted signal and a diode as the rectifier device 
for RF-to-DC power conversion. 
              
Figure 1.2: Block diagram of the RF energy harvesting system [6] 
= 
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Rectenna in the wireless energy harvesting faces numerous challenges such 
as compact size, low cost, and high integration in the system. In this research, the 
focus is on design and development of microstrip patch rectenna operating at 
2.45 GHz. From the design’s point of view, the selection of antenna has a great 
effect on the size and the order of the system’s complexity.   
 
1.1 Problem statement 
 
One of the most common types of antenna used for rectenna applications is the 
microstrip patch antenna. Some of the advantages of using this type of antenna are 
low profile, low cost, light-weight and suitability of integration with RF devices. 
However, it also exhibits some disadvantages such as the excitation of surface 
waves that exist in the substrate layer. Surface waves are exceptionable because 
when a patch antenna radiates, a part of the total available radiated power becomes 
trapped along the surface of the substrate. It diminishes the total available power for 
radiation to space wave and produces unwanted harmonic frequencies. In addition, 
for array antennas, surface waves have a significant impact on the mutual coupling 
between array elements [7]. Besides that, in rectifying circuit, diode used to convert 
the RF signal to DC power supply also generates the unwanted radiation of 
harmonic frequencies. Hence, the rectenna cannot perform well and will degrade the 
system performance. Therefore, several design methods have been proposed in the 
past in order to overcome these unwanted generated harmonic problem. One of the 
most popular methods is called the photonic band gap (PBG) or electromagnetic 
band gap (EBG) [8] and defected ground structure (DGS) [9], [10]. Several other 
techniques, for instance antenna with slit and stub structure [11], circular sector 
patch antenna [12], slot antenna and notch antenna [13], [14] also have been 
proposed as a the methods to suppress the harmonic frequencies.   
Besides, another challenge faced in RF energy harvesting is to extract power 
from the air at very low power density since RF energy drops off rapidly with the 
increased distance from the transmitter. In free space, the electric field and 
propagation power density diminishes with the square of distance according to Friis 
Transmission Formula [15]: 
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(   ) 
                      (1.1) 
Where,  
Pr = Power at the receiving antenna  
Pt = Power at transmitting antenna  
Gr = Antenna gain of the receiving antenna  
Gt = Antenna gain of the transmitting antenna  
R = Distance between the transmitting and receiving antennas  
λ = Electromagnetic wavelength in the transmission medium 
 
 However, as the distance increases, the available power and rate of charge 
decrease [16]. Moreover, for multipath situations with environmental reflections and 
losses, the power density drops off at a much faster rate. It is therefore critical for 
the system to operate at low receive power with high conversion efficiency. One of 
the solutions to increase the received power is by increasing the gain of the receiving 
antenna, Gr. However, it is a known fact that microstrip patch antenna generally has 
low gain as compared to high gain antenna such as yagi-uda antenna, helical 
antenna, parabolic antenna and many more. Therefore, in this work, a microstrip 
patch rectenna with harmonic suppression capability and high gain is designed and 
developed in order to improve the system performance.   
 
1.2 Objectives 
 
The aim of this project is to design a microstrip patch antenna with high gain 
performance that can cooperate with rectifier circuit in order to convert the captured 
signal into DC power supply. In order to achieve the aim, the main objectives 
formulated for this work are: 
1. To investigate the most optimum microstrip patch array antenna for rectenna 
system that operates at 2.45 GHz with harmonic suppression capability. 
2. To design a rectifier circuit that can convert 2.45 GHz signal to DC power 
supply. 
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3. To integrate a microstrip patch array antenna with rectifier to form a rectenna 
that can wirelessly gather energy from antenna and convert it into DC power 
supply. 
 
1.3 Scopes of the study 
 
1. The receiving antenna is designed to operate at 2.45 GHz and has the 
characteristics of high gain and harmonic frequencies suppression capability.   
2. This antenna is fabricated on 1.6 mm thick FR-4 substrate with dielectric 
constant of 4.4. This is because, the criterion for selection of suitable 
substrate are its price, efficiency and size. Hence, FR-4 substrate is an 
optimal choice compared to others substrate such as Roger 4350.  
3. An EBG structure and a filter that match with the antenna are designed to 
block any harmonic generated by diode and antenna itself. 
4. The topology used for the rectifier is Villard voltage multiplier. This because 
voltage multiplier circuit allows higher voltages to be created from a low 
voltage power source without a need for an expensive high voltage 
transformer. By using combinations of rectifier diodes and capacitors, the 
input peak voltage is effectively multiplied to give a DC output equal to 
some odd or even multiple of the peak voltage value of the AC input 
voltage.  
5. The combination of receiving antenna and rectifier circuit produces a perfect 
rectenna system which can operate at 2.45 GHz and convert the RF energy to 
the DC power supply. 
6. The commercial Schottky diode model HSMS-2850 from Avago 
Technologies has been chosen for rectifier circuit.  There are various types of 
diodes that can be used based on the applications. For rectenna system, since 
the energy harvesting circuit is operating at high frequencies, diodes with a 
very fast switching time are needed. When sufficient forward voltage is 
applied, a current flow in the forward direction. A silicon diode has a typical 
forward voltage of 600–700 mV, while the Schottky's forward voltage is  
150 – 450 mV. This lower forward voltage requirement allows higher 
switching speeds and better system efficiency [17]. The special features of 
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